Calcium ions were specifically required for a stage in the formation of phageinfected cells in the growth cycle of PL-I phage active against Lactobacillus casei ATCC 27092. Both the adsorption of phage on to the host cells and the intracellular multiplication of phage were independent of the presence or absence of calcium ions. The optimum pH for successful infection was 5"5 to 6.0 and the optimum temperature was approximately 3 ° °C. Among the divalent salts tested SrC12 was as effective as CaC12 in allowing infection, whereas MgSO4, MnC12, BaCI~, BeSO4, ZnSO4 and COSO4 were not. The impairment of infection by lack of calcium ions could not be reversed by the delayed addition of CaCI~.
INTRODUCTION
In a previous paper, a virulent bacteriophage, PL-I, active against a lactic acid-beverage producing bacterium, Lactobacillu~ casei strain s, was isolated from an abnormal fermentation tank, and some of its biological properties were described (Watanabe et al. I97o) . It had an icosahedral head with a non-contractile long tail and infection required calcium ions specifically above the concentrations required for the growth of phage-uninfected host cells. In general, there is much less information on the infection mechanism of bacteriophage with a non-contractile tail than there is concerning bacteriophages such as T-evens which have a contractile tail sheath playing an important role in the penetration of phage genomes into the host cells.
In the present work, we have attempted to localize a definite stage in the phage growth cycle at which calcium ions were required. It was demonstrated that calcium ions were not required for phage adsorption but were for penetration.
METHODS
Phage and the host. A wild-type phage PL-1 and its host strain, L. casei ATCC 27O92 (described as strain s in the previous paper), were supplied by K. Jin-nai and T. Yoshikawa of Kitakyushu Yakult Co. The phage preparations were purified as before by successive cycles of differential centrifugation from a mass lysate prepared on the host strain grown in MR medium. Some of the phage particles were further purified by a linear CsC1 gradient (p25 = I.o3 to t .72) sedimentation at 35ooo rev/min for 6o min in an SW-39 rotor of the Spinco model L ultracentrifuge. Some characteristics of the phage and the host bacterium were described in a previous paper (Watanabe et al. I97o) .
Radioactive PL-I phage. For the preparation of [a~P]-labelled phage, 9 °/zCi/ml of carrierfree [32P]-phosphoric acid was added I h before the phage addition to a log-phase culture of host cells at a multiplicity of infection (m.o.i.) of 2 and incubated at 37 °C for 5 h in a low phosphate content medium containing: 0"5 % polypeptone, 0'5 ~o beef extract, o.2 % yeast extract, I.o°/o glucose, I.O°fo sodium acetate, o'I5~o CaC12.2H20, o.I% NaCl, 0.02% MgSO4.7H20, o.ooi % MnSQ.H20, o.oooi % FeSO4.7H~O (total P = 33 #g/ml, pH = 6.o). Dephosphorylated samples of polypeptone, beef extract and yeast extract were prepared by a procedure described by Ogawa (1968) . The phage lysate was purified by differential sedimentation and concentrated to about 2 × IO11/ml in o'o5 M-tris-maleate buffer of pH 6.o including o.ooi M-MgSO4. Radioactivity was measured in a liquid scintillation counter.
Chemicals. Assay of phage. For phage assay, a o'I ml sample of phage suspension was dropped on a base-layer of MR-agar in a 9 cm diameter Petri dish. The mixture of o'I ml of host MR culture, in an early-logarithmic growth phase, and 3 ml of melted overlayer MR-agar kept in a water bath at 5o °C was overlaid on to the phage sample. The double-layer plate thus prepared was incubated for about I8 h at 37 °C (the plates were not inverted), and the clear plaques measuring about o'7 mm diameter were counted.
A~;say of phage-infected cells. Two methods were used to follow the interaction of phage with the host cells. The first was a serum neutralization method, which was used unless otherwise stated. Nine-tenth ml of the host cells (final concentration io s to Io9/ml) were incubated with o.I ml of phage suspension (final concentration Io 7 to IoS/ml) at 37 °C in o'o5 M-tris-maleate buffer of pH 6.o or 5"5. After appropriate times of incubation, o. I ml of the reaction mixture was diluted into o'9 ml of antiphage serum (K = I) at 37 °C to neutralize the unadsorbed phage within 5 min at 37 °C. Then, after moo-fold dilution, o.I ml samples were plated on an MR-agar plate with an excess of host cells, and the phage-infected cells were determined from the number of plaques. In the second, centrifugation, method, the host cells were incubated with phage as in the serum neutralization method, followed by Ioo-fold dilution into chilled diluent fluid to stop the adsorption process. After centrifuging the diluted samples at 70oo rev/min for IO min to separate unadsorbed phage, the sediments were resuspended adequately in the diluent fluid, and assayed for the phage-infected cells.
Assay of bacterial survivors after phage infection.
In general, when phage (P) is mixed with the host cells (B) at a certain ratio, the actual multiplicity of infection (r) of B cannot be represented simply as P/B, but the r values are distributed from zero to the respective maximum value by following the Poisson distribution. Namely, P(r), which is the proportion of B whose multiplicity of infection is r, can be represented as P(r) = ((P/B)"/r!) e eJ~ (Uchimi, 2958) . The proportion of B which have escaped from the collision with P (r = o) naturally changes with variable P/B ratio. In the case of normal lytic response, since the phage-adsorbing cells are actually killed by the phage particles, the proportion of viable cells which corresponds to r = o decreases with the increase in P/B ratio. On the other hand, if the phage-adsorbing cells were not actually killed, the proportion of viable cells which corresponds to r = o would be kept in the same level as the input one regardless of P/B ratio.
Therefore, in this paper in order to test whether calcium ions would affect the killing effect of phage particles, the number of surviving cells when mixed with phage at variable P/B ratio in calcium-deficient medium was compared with those in calcium supplemented medium. A log-phase culture of host cells (final concentration t.o x loS/ml) suspended in o'o5 M-tris-maleate buffer of pH 5"6 containing 5 mM or no CaC12 was mixed with various concentrations of phage. After appropriate times of incubation at 37 °C, samples were taken and diluted IOOO-fold to stop the adsorption process. Then the dilutions were treated with antiphage sera to neutralize the free phage. After appropriate dilutions, a portion of each sample was plated on MR-agar to determine the number of colony formers.
RESULTS

Effect of calcium ions on a single cycle of phage growth
The first experiment was designed to demonstrate the possible dependence of the intracellular phage growth on calcium ions. Log-phase cultures of host cells (final concentration 3 × ms/ml) were infected with phage (final concentration 2 x io7/ml) for 5 min at 37 °C in MR medium (adsorption tube). Over 9 o% adsorption of phage occurred usually under these conditions. Then, after antiphage serum treatment for 5 min at 37 °C to neutralize the residual phages, a portion of the mixture was diluted 5ooo-fold in MR medium which was either supplemented with a final concentration of 5 mM-CaC12 or unsupplemented (growth tube). The two growth tubes were incubated at 37 °C for intracellular growth of phage, and, at intervals, samples were withdrawn for assay of p.f.u, by the agar layer technique. The MR medium without added CaCI2 was shown by means of an atomic absorption analysis (Murata, Soeda & Saruno, I969) to contain amounts of calcium corresponding to o. 13 to o.z mM. Both in the presence and absence of calcium ions added to the'growth tube ', the phage growth occurred with a latent period of ioo to izo min and an average burst size of ~8o to 2oo/infected cell. Therefore, it was clear that calcium ions were not required for intracellular phage growth. On the other hand, when calcium ions were not added to the ' adsorption tube' there was a marked decrease in the number of p.f.u, at zero time, although this was followed by the normal one-step phage growth. From these experiments, calcium ions seemed to be required for some more early stage in the growth cycle of phage.
Effect of calcium ions on phage adsorption on to host cells
We then examined whether calcium ions were involved in a stage of phage adsorption on to the host cells by using tris-maleate buffer instead of MR growth medium. A log-phase culture of the host cells in o'o5 M-tris-maleate buffer of pH 5"75, one containing 5 mM-CaCI2 and the other containing no CaCI~, was incubated with phage for adsorption. At intervals, samples were taken and diluted too-fold to stop any further adsorption of phage to the host cells. A part of this diluted sample was assayed for the total p.f.u. The rest of the samples were centrifuged at 6ooo rev/min for 20 min to sediment the phage-adsorbing cells, and the supernatant fluid assayed for the unadsorbed phage infectivity. As shown in Fig. t , where the process of adsorption can be followed by the decrease in the amount of unadsorbed phage as a function of incubation time, the rate of decrease of unadsorbed phage in calcium-free buffer was almost identical to that in calcium-containing one. Therefore, it was clear that calcium ions were not required for the stage of phage adsorption on to the host cells. Immediately after adsorption in the absence of calcium ions, the mixture of phage and cells could originate plaques if subsequently transferred to MR medium containing enough calcium ions. This ability, however, decreased with the time they were held in calcium-free buffer, resulting in a decrease in the amount of total p.f.u, with time as seen in the same figure. On the other hand, the presence of calcium ions in the adsorption buffer resulted in almost no loss of the amount of total p.f.u, during the period examined. Since control studies carried out in relation to this experiment showed that free phage in the absence of calcium ions were as stable as in the presence of calcium ions under the conditions used here, it was probable that the gradual loss of the amount of total p.f.u, observed when phage had been incubated with the host cells in the absence of calcium ions may have arisen from some type of interaction between phage and the host cells. Calcium ions were considered to be required for some stage of the infectious process subsequent to adsorption of phage to the host cells. Almost the same results were obtained when the other divalent salts such as MgSO4, MnC12, BaC12, BeSO4, SrC12, ZnSO~ and COSO4 were used instead of CaC12, showing that the rate of phage adsorption was independent also of these divalent cations. , phage-infected cells measured after passage through antiphage serum; .... , free phage.
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Effect of calcium ions on the formation of phage-infected cells and the factors affecting this process
The observation that the phage inactivation arose when phage was incubated with the host cells in the absence of calcium ions prompted a comparison of the extent of infection in the absence of calcium ions with that in the presence of calcium ions. Two log-phase cultures of the host cells suspended in o'o5 i-tris-maleate buffer of pH 5"5, one supplemented and the other unsupplemented with 5 mM-CaC12, were infected with phage. Samples were removed at intervals for assay of unadsorbed phage and the phage-infected cells. The results (Fig. 2) showed that in the presence of calcium ions the decrease in free phage due to their adsorption on to the host cells was followed by an increase in the number of phage-infected cells measured after passage through antiphage serum. The rate of increase in the number of phage-infected cells thus measured did not always completely parallel the rate of adsorption, which is probably not surprising because the former process involves many factors such as temperature, pH, etc. besides the adsorption rate and is, therefore, more complex than the latter. The rate of adsorption was, on the contrary, dependent only on the concentration of cells in a given infection mixture. Therefore, such a slight deviation of the curve for the formation of phage-infected cells from that for adsorption was not thought to be important. In the absence of calcium ions, however, most of the phage adsorbed on to the host cells were not recovered as phage-infected cells. The same result was obtained in MR medium with or without CaC12 added to a final concentration of 5 mM instead of trismaleate buffer. Once again, the rate of adsorption as measured by the decrease in unadsorbed free phages was independent of calcium ions. The number of phage-infected cells after passage through antiphage serum increased as the adsorption process proceeded in calcium- 5"3 48"7 SrCI~ 54"9 77" I ZnSO4 2 "9 42 '4 COSO4 9" I 30"9 containing MR medium. However, when adsorption was carried out in calcium-free MR medium, the number of phage-infected cells after passage through antiphage serum did not increase, showing that the cells were no longer able to originate plaques under such conditions. From these results, it was clear that the formation of phage-infected cells required the presence of calcium ions, and a stage following adsorption, such as the release of phage genomes from the phage coat protein or the penetration of phage genomes into the host cells, was considered to be specifically dependent on calcium ions. Experiments were then carried out to test the effect of calcium ion concentration and the specificity of the cation requirement on the formation of phage-infected cells. Phage yields were determined in tris-maleate buffer of pH 6.o supplemented either with various concen- Fig. 3 and Table ~. As seen in Fig. 3 , the increase in the calcium concentration in the infection buffer to as high as ~o mM resulted in an increase in phage yields over that found in the control without CaC12, and the maximum yields of phage-infected cells were obtained when the concentration of CaC12 was ~o mM or greater. SrC12 was almost equally effective as CaC12 in promoting the formation of phage-infected cells (Fig. 3) . Table I shows that divalent salts, such as MgSQ, MnC12, BaC!2, BeSO4, ZnSO4 and COSO4, were noticeably less effective compared with CaClz in promoting the formation of phage-infected cells.
The effect of pH on the formation of phage-infected cells was then determined. A logphase culture of host cells was infected with phage in 5 mM-CaC12 supplemented tris-maleate buffer of various pH values. The cultures were incubated for 15 min at 37 °C and after neutralization of unadsorbed phages with antiphage serum the infectivity was assayed. Fig. 4 shows that the optimum pH for the formation of phage-infected cells was 5"5 to 6.o. Even in the presence of sufficient amounts of CaC12 the formation of phage-infected cells was suppressed almost completely at pH 8.o or higher. The adsorption of phage as measured by the method described in the preceding section was not affected by the pH of the incubation buffer.
The optimum temperature for the formation of phage-infected cells was determined at pH 6.o by the same manner as that ofpH dependency experiment by changing the incubation temperature from o to 4 ° °C. The optimum temperature was about 3o °C (Fig. 5) . The phage adsorption was independent also of the incubation temperature tested. 
Elution of phage-[32P] from the cells which have adsorbed [a2P]-labelled phage in the presence or absence of calcium ions
Since it was established that calcium ions were not required for phage adsorption on to the host cells but were required for the events leading to the formation of phage-infected cells, the following experiments were carried out to determine whether the penetration of phage genomes into the host cells might be a calcium requiring process. The concentrated host cells were mixed with [~2P]-labelled phage in I© mM calcium-supplemented or -unsupplemented tris-maleate buffer of pH 6.o. After 3 min incubation (when more than 95 % of the phage activity and about 2o % of the radioactivity was adsorbed by the host cells), the mixtures were diluted 5©-fold in the respective buffer solution supplemented with or without I© mM calcium ions, and incubated for 3o rain at 37 °C. Then the reaction mixtures were rapidly chilled in an ice bath and centrifuged at 70oo rev/min for I© min at 2 °C, and the cell pellets resuspended in fresh cold tris-maleate buffer. One portion of these cell suspensions was assayed for the formation of phage-infected cells by the centrifugation method and for the radioactivity of [~2p] which had been adsorbed to the cells. A second portion was filtered through a Millipore filter (0.8 #m) and the filtrates were used for determining cell-free [82p] 
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as the unblended control. A third portion of Io ml was blended to remove the phage protein coats from the cells in a glass cup of a Nihonseiki homogenizer at I6OO0 rev]min for 5 min in the cold, and a part of this sample was assayed for blender-resistant phage-infected cells. Cell-free [32p] which had been separated by the blender treatment was determined after filtering the blended samples as above. This experiment was designed to determine the number that remained associated with the host cells after blender treatment and the amount of phage nucleic acid [3~p] not removable by the blender treatment. The results of this experiment are shown in Table a , where the cell-unassociated [32p] and p.f.u, in both blended and unblended samples are given. The amount of adsorbed [3zp] in the presence of calcium ions was about 17 % of the input [32p], whereas in the absence of calcium ions it was about I t %, while phage-infected cells amounted to about 54 % in the former and z2 % in the latter (Table 2) . Upon the subsequent blender treatment, in the case without added calcium ions, approximately 83 % of the adsorbed phage nucleic acid was removed as cell-free [32p]. This fraction was thus presumed to represent the phage genomes which had not entered host cells. However, in the case with added calcium ions, approximately 2 4 % of the adsorbed [3zp] Was removed from the bacterial cells. When the cells were blended, the titre of phageinfected cells in the calcium supplemented medium remained virtually constant, while the titre in the calcium-deficient medium was reduced to almost one-ninth. Although the present experiment did not decide whether the eluted radioactive materials consisted of complete phage particles, phage genomes released from adsorbed particles, or both, it was clear that in the absence of calcium ions, penetration of phage genomes into the host cells was inhibited, resulting in a lack of formation of phage-infected cells. 
Effect of later addition o( calcium ions on the formation of phage-infected cells
In the absence of calcium ions the phage genomes were apparently unable to penetrate into the host cells, and thus they must have either remained in the phage particles at the surface of the host cells or gone out from the phage particles into the surroundings. If the former, it should be possible to test whether the inhibition of phage-infected cell formation could be reversed by a later addition of calcium ions to the adsorption buffer. The following experiment was thus carried out. Log-phase cultures of the host cells suspended in o'o5 Mtris-maleate buffer of pH 6.o were singly infected with phage at 37 °C. CaClz of final concentration IO mM was added at o (control), ~o, 2o, 3 o and 60 rain after infection, and incubation was continued at 37 °C with removal of samples for assaying phage-infected cells. The result is shown in Fig. 6 . The impairment of phage infection which occurred in calcium-free buffer could be reversed when calcium ions were added within z mix after mixing the cells with phage. However, such a reversal by calcium ions gradually fell offwith the time the cells were held in calcium-free buffer. Delaying the addition of calcium ions by Io, 2o, 3o and 6o min resulted in a reduction of the yield of phage-infected cells at 4 ° rain measured after passage through antiphage serum to 67, 47, 22 and 3 % of the control, respectively. After 6o min adsorption in the absence of calcium ions, phage-adsorbing cells could not recover the ability to originate plaques even if subsequently incubated in a growth medium containing I o mM calcium ions. It was suggested, therefore, that the inhibition of phage-infected cell formation arising from the absence of calcium ions can gradually no longer be reversed by the later addition of calcium ions, perhaps because the phage genomes leak out from the adsorbed phage particles.
Are the host cells which have adsorbed phages in the absence of calcium ions killed or not by the phage particles ?
The number of surviving colony formers was determined after 3o min incubation of host cells with phage at various P]B ratio in the presence or absence of 5 mM-CaC12. The results are shown in Fig. 7 (a) , in which survival is plotted as a function of P/B ratio on a logarithmic scale. As seen from Fig. 7 , in the control where calcium ions were present the proportion of viable cells decreased as expected with the increase in P/B ratio. The dotted line is a theoretical curve relating phage-uninfected viable cells (r = o) with P]B ratio on the assumption that the conditions were adequate to complete the adsorption process in very short time (Uchimi, I958) . The survivors-P]B curve obtained in our experiment almost paralleled this theoretical curve, indicating clearly that, when calcium ions were present, the phage-adsorbing cells were killed by the phage particles. On the other hand, when calcium ions were absent, almost all the cells that had adsorbed phage at any P]B ratio multiplied to form colonies, namely they were not killed by the phage particles. Fig. 7(b) is the time course of the decrease in numbers of viable cells that have adsorbed phages at a P/B ratio of 7 with or without 5 mM-CaC12. As is clear (Fig. 7b) , in the presence of calcium ions, the number of viable cells gradually decreased as the adsorption of phage to them proceeded. In the absence of calcium ions, however, no decrease in the viable cells occurred with the process of phage adsorption, and the number of viable cells remained at the same level as in the control during the period examined. The normal phage infection leading to the production of progeny phages (normal lytic response) was found to occur only in the presence of calcium ions. Evidently, therefore, when, in the absence of calcium ions, the phage genomes were unable to be injected into the host cells, the host cells were not killed by the phage particles.
DISCUSSION
There are many bacteriophages that have been shown to require much higher concentration of divalent cations such as calcium or magnesium at some stage in their growth cycle than the concentration required for the growth of host cells. However, the nature of these requirements varies in a variety of bacteriophages. For example, Rountree (I955) described some phages which required calcium ions during the multiplication of phage genomes in the host Staphylococcal cells. With a Streptococcus lactis phage (Cherry & Watson, I949) and phage p465 of Brevibacterium lactoJermentum (Oki & Ozaki, I967) calcium or magnesium ions were required for adsorption. On the other hand, coliphage T5 (Adams, I949; Luria & Steiner, I954; McCorquodale & Lanni, I964) and phage P1 of Microbacterium ammoniaphilum (Seto, Osawa & Yamamoto, 1964 ) required calcium or magnesium ions for a stage of penetration.
In the case of PL-I phage active against Lactobacillus easel ATCC 27092, since both the latent period and the burst size in one-step growth experiments were independent of the presence or absence of calcium ions, its specific requirement for calcium was not considered to be involved in intracellular multiplication. The fact that the rate of decrease in free phage upon mixing with host cells in the absence of calcium ions was almost the same as in the presence of calcium ions equally showed that calcium ions were not required for adsorption. In this case, however, in the absence of calcium ions, the adsorbed phage was not recovered stoichiometrically as phage-infected cells. Therefore, calcium ions seemed to be necessary for a stage of the infectious process subsequent to adsorption. An adsorption experiment using [32P]-labelled phage revealed that, in the absence of added calcium ions, there was a lack of penetration of phage-[a2P] into the host cells and so most of the [asp] could be eluted by a blender treatment of the phage-cell complex. This had the important result that the cells which adsorbed phage in the absence of calcium ions were not killed. In the absence of calcium ions the growth of phage-uninfected cells was not inhibited, and the free phages were not inactivated. This contrasts with the case of T5 phage (Adams, I949) where phage adsorption to the host cells resulted in the interruption of bacterial growth whether calcium ions were present or not in the adsorption medium. One of the different characters of PL-I phage compared with the other divalent cation-requiring phages was that magnesium ions, which in most cases were active to the same degree as calcium ions, were not active in this case. The fact that the optimum pH for the process was on the acidic side was also a difference and one which might indicate that the formation of phage-infected cells involving the stage of penetration depended specifically on the physiological conditions found with the host lactic acid bacteria.
